The effect of lead excess on the pyrochlore-type formation in Pb(Mg 1/3 Nb 2/3 )O 3 (PMN) powders has been investigated. The polymeric precursor method was used in the synthesis of the columbite in association to the partial oxalate method to synthesize the PMN powder samples. Structure refinement of the columbite precursor and PMN powders was carried out using the Rietveld method. The quantitative phase analysis showed that the amount of perovskite phase is not affected by PbO excess, but a great excess drives the pyrochlore-type formation so that 3 wt.% of PbO causes the predominance of Mg-containing pyrochlore phase. Using the refined data obtained from the Rietveld refinement, the compositional fluctuation in the perovskite phase was calculated from Nb/Mg ratio values and Pb occupation factor. Mg inclusion occurs concomitant with Pb one into PMN perovskite phase and this effect is directed by PbO excess during powder synthesis.
Introduction
The relaxor ceramic Pb(Mg 1/3 Nb 2/3 )O 3 (PMN) exhibits high dielectric constant and electrostrictive characteristics, that make this material so useful for present and future electronic and microelectromechanical applications [1] [2] [3] [4] . The central problem in manufacturing PMN-based single-phase ceramics is the strong inclination of this material to form detrimental secondary pyrochlore (Py) phases. The pyrochlore phases in PMN are known as compounds with a low content of magnesium, whose structure is more energetically stable than the one of the perovskite (Pe) phase. The presence of these secondary phase harms the dielectric and electrostrictive properties of PMN-based ceramics [5, 6] .
A synthesis route, named columbite method [7] , was proposed to reduce the pyrochlore phase to a minimum level in PMN powders. In this methodology, MgO and Nb 2 O 5 are initially made to react to obtain the MgNb 2 O 6 precursor, and in sequence, it will react with a stoichiometric amount of PbO to obtain PMN powders with a great amount of the perovskite phase.
A variation of the columbite method [8] [9] [10] [11] was extensively studied and includes polymeric intermediate phases to synthesize the columbite precursor. The main advantages of this method are the short time and low temperature used in the heat treatment and better powder homogeneity due to a uniform cation distribution in the polyester. This homogeneity of the polymeric precursor before thermal decomposition permits the direct crystallization of the MgNb 2 O 6 orthorhombic structure after burning. This method will be now referred as columbite method via polymeric precursor.
The fundamental step to obtain PMN powders with a great amount of perovskite phase is the reaction between PbO and the columbite precursor. PbO volatilization is the main occurrence factor when the pyrochlore amount increases in PMN powders, and in this way, many artifices can be used to avoid the formation of the pyrochlore phase [12] [13] [14] . PbO excess is one of them, because it aims to compensate PbO volatilization during heat treatment [15] [16] [17] .
The role of PbO excess on the general characteristics of PMN powders is not clear and some authors reported only indirect effects on PMN bulk ceramics, as variations of the dielectric properties and microstructure [14] [15] [16] . However, an improvement or impoverishment of the final properties depends much more directly on the processing, firing conditions and apparatus used in sintering stage, making the use of PbO excess a secondary controller parameter and less important [18] .
In view of the unavailable information about PbO excess on the powder characteristics, the present work was focused on the effect of different amounts of PbO excess on the evolution of different secondary phases, Pe/Py phase ratio, compositional fluctuation in perovskite phase and powder morphology in PMN samples prepared by the columbite method via polymeric precursor.
Experimental procedure
The columbite precursor was prepared by a change of the columbite method, as described elsewhere [8, 9] . The columbite precursor was obtained after burning the polyester at 400 • C for 2 h, followed by crystallization at 900 • C for 2 h and ball milling in isopropyl alcohol for 30 min. In order to prepare PMN powders, the partial oxalate method was used. The co-precipitates were decomposed at 400 • C for 2 h in air flux and heat-treated at 800 • C for 2 h in alumina crucibles [10, 13] . From a basic composition of PMN, four different powder batches having different amounts of PbO excess (0-3 wt.%) were prepared. Hereafter, they will be referred as PMN0-PMN3, respectively. The samples were characterized by powder X-ray diffraction (XRD) using a Rigaku Cu-rotating anode with Cu K␣ radiation. Structure refinement and quantitative phase analysis were performed using the Rietveld method via DBWS program [19, 20] . The powder morphology was observed by scanning electron microscopy (SEM) using Topcon SM-300 equipment, and the specific surface area was determined by a Brunauer-Emmett-Teller method, with N 2 adsorption. 
Results and discussion
The XRD pattern of the columbite powder permitted to identify all the reflections as MgNb 2 O 6 with an orthorhombic columbite structure. Fig. 1 shows the Rietveld graphic and SEM image of the columbite precursor. The Rietveld graphics show commonly the observed (I o ) and the calculated (I c ) intensities, peak positions, and the residual curve (I o −I c ) in the bottom of the graphic, which is associated to the goodness-of-fit in refinement. The columbite precursor has a single phase due to the absence of any delineated peak in the residual curve. An orthorhombic cell with a = 14.16 Å, b = 5.68 Å, and c = 5.02 Å was determined from the structure refinement being very similar to the reported earlier [21] . Mean crystallite size and microstrain were close to 400 Å and 0.20%, respectively. The SEM image shows columbite primary particles having close to 0.1 m in size, while the secondary particles (agglomerates) are smaller than 0.5 m. The surface area value (≈11 m 2 g −1 ) and powder morphology, besides the good crystallinity of the columbite precursor were considered adequate for PMN synthesis, taking into account the investigations in related work [22] .
The mean particles size (P m ) was calculated from the relation P m = 6/DS, where D is the theoretical density, S the powder surface area, and the constant 6 results from the consideration of spherical particles and the adjusting of D and S parameters units to obtain the values of P m directly in micrometer. A value close to 0.1 m for P m can be found using 4.995 g cm −3 and 11 m 2 g −1 values for D and S, respectively. This result is in accordance with SEM image.
Rietveld graphics obtained for PMN calcined powders (Fig. 2) shows the presence of perovskite phase as the main crystalline phase between small amounts of two secondary phases. Two types of pyrochlore phases were identified from the structure refinement, Pb 1.86 Mg 0.24 Nb 1.76 O 6.5 (PyI) and Pb 1.5 Nb 2 O 6.5 (PyII), whose structural parameters, besides perovskite phase, are shown in Table 1 . It was observed that PbO excess does not change significantly the cell parameters in the perovskite phase, which is situated close to 4.049 Å for all samples. Tables 2 and 3 show the results obtained by the structure refinement. Quantitative phase analysis (Table 2) shows that the amount of perovskite phase is practically unaffected by the addition of PbO excess. R wp and S indicate the quality of the refinement, where lower values means more success in the structure refinement. S is the ratio R wp /R exp , where R exp is the expected value for R wp , considering the observed intensity data, the total number of data points, the number of parameters adjusted, and the number of constraints applied. These values increase as function of PbO excess, showing a R wp is the weighted pattern R-factor, R exp the statistically expected value for the R wp , and S is the "goodness-of-fit", the ratio R wp /R exp .
that the quality of refinement is slightly harmed, which can be observed by higher R wp values. S values do not vary the same way because R exp is increased due to the reduction of intensity peaks (Fig. 2) . We believe that it has occurred due the presence of an amorphous PbO-rich liquid phase on the particle surface, as described by Villegas et al. [23] and Shrout et al. [24] , generated by the great PbO excess. The mean crystallite size and the microstrain were also calculated in the Rietveld refinement and it was shown that these values are practically unaffected by PbO addition. They are close to 1.200 Å and 0.04%, respectively, for all samples.
A very important phenomenon was observed in this work; the PyI content rises at the same time as the PyII content falls with the amount of PbO excess. The origin of this variation in the amount of pyrochlore type can be a direct effect of PbO excess, but we believe it is a consequence of the compositional fluctuations in the perovskite Fig. 3 . SEM images of PMN samples with four different PbO excess amounts obtained after heat treatment at 800 • C for 2 h. phase. Both Pb occupation factor (So Pb ) and Nb/Mg ratio were used for the calculation of the compositional fluctuation (Table 3 ). All samples have shown Nb/Mg ratio values above 2.004 and a Pb deficiency above 0.4%, as compared to the perovskite phase reference Pe R . In fact, this observation is in accordance with Fanning et al. [25] who observed that the Pb deficiency is associated to an increasing Nb/Mg ratio. It is the phenomenon of a stable non-stoichiometric ordering, which is commonly found in not annealed samples.
The PyI phase is found in a larger quantity in PMN samples containing more PbO excess. This pyrochlore-type includes Mg cation in its composition, different from the PyII phase. The Mg inclusion is favored by PbO offer, converting the PyII phase into PyI one. Hypothetically, a greater inclusion of Mg and Pb in the PyI phase would convert PyI in the perovskite phase, but the thermodynamic stability of each phase is an important factor to be considered. Villegas et al. [26] have described that an inter-conversion between PyI and perovskite phase can occur during the sintering process since the PyI phase does not present developed particles. We believe that PyI is less harmful than PyII in PMN powder due to the easy inter-conversion in perovskite phase during the sintering stage. In addition, when the PbO loss is avoided during the heat treatment, the PyI/PyII ratio increases and, consequently, the powder is more promising to the sintering stage. These considerations imply that PbO excess in PMN must be used during powder synthesis.
Micrographs for PMN powders are shown in Fig. 3 . The PMN0 and PMN1 samples show predominantly dispersed particles, while the PMN3 sample is strongly marked by agglomerated particles. These results show that a PbO excess causes an increasing in the agglomerate amount and in its size, but this effect is only significantly marked for the PMN3 sample. The PMN2 sample exhibits an intermediate behavior between PMN1 and PMN3, which means that 2 wt.% can be taken as the maximum of PbO excess during synthesis process taking in account the particle agglomeration. The specific surface area of the ball milled PMN powders decreases from 4 m 2 g −1 (PMN0) to 1.5 m 2 g −1 (PMN3) while the calculated mean particles size increases from 0.2 to 0.5 m, respectively. In spite of the surface area decreasing in PMN powders, all samples contain sub-micrometric particles, which can be considered adequate for the compacting process during the sintering stage.
The PbO excess can be very important for compensation of the weight loss by volatilization during the sintering process, but it changes the powder characteristics. The influence of PbO excess in PMN powders is now understood and it is the basis of a controlled and reproducible synthesis process for this type of material.
Conclusions
It was shown that PMN powders present two types of pyrochlore phase as function of PbO content added during heat treatment. Although more agglomerated particles are formed, PbO excess avoids that the Nb/Mg ratio increases significantly in the perovskite structure, reducing the amount of PyII in the powder. The compositional fluctuation in the perovskite phase and the inter-conversion between the two types of pyrochlore phases are clearly related to the magnesium inclusion into the phases, which is driven by the PbO offer during heat treatment.
